In resent years, supported phospholipid membranes (SPM) on solids give rise to ever-more interest for several reasons. In contrast to black lipid membranes (BLMs), whose lifetime is often shorter than a few hours, they have advantages of ease and reproducibility of preparation, long-term stability and the possibility for use as electrically conductive supports.
They provide a natural environment for the immobilization of proteins, such as hormone receptors and antibodies, under nondenaturing conditions and in a well-defined orientation. 5 Especially, they enable the application of several surface-sensitive techniques, such as fluorescence recovery after photobleaching (FRAP) 6 , total internal reflection fluorescence microscopy (TIRFM) 7 , surface plasma spectroscopy, Fourier-transform infrared 8 , nuclear magnetic resonance (NMR) 9 and scanning probe microscope. 10 Supported phospholipid bilayers using a hydrophobic surface of alkanethiol self-assembled on gold as the first layer is one of the best models of SPM. Several approaches to use this hydrophobic surface for the formation of structurally supported phospholipid bilayers have been reported, including painted 11 , L-B films 12 and vesicles. 13, 14 In our previous work 15 we presented for the first time a simple paint-freeze method for preparing solvent-free alkanethiol/phospholipid bilayers on a gold surface based on the idea of White that organic solvents can be frozen out of a membrane at low temperatures. We used cyclic voltammetry, chronoamperometry/chronocoulometry and a.c. impedance measurements to characterize the properties of the SPM produced by the paint-freeze method, and discussed the differences with another two kinds of SPM prepared by L-B and painted methods, and prepared highly sensitive Na +16 and K +17 sensors by incorporating monensin and valinomycin into the membrane, respectively. In this work we further characterized the SPM by cyclic voltammetry, a.c impedance and ATR-FTIR and calculated the lipid order parameter from the dichroic ratio, which was 0.67. It was consistent with a well-ordered lipid film in which the methylene groups have segmental flexibility and are disordered to a degree which is typical for a lipid bilayer in the liquid-crystalline phase. Such a supported membrane provides a useful way for studies in biophysics, physiology and electrochemistry.
Experimental

Chemicals
Hexadecylmercaptane (HDM, 92%) was of technical grade (Aldrich, USA) and L-α-phosphatidylcholine (PC) was approximately 99% (TLC) (Sigma Chemical Co. USA). Ethanol was of analytical grade. Decane (≥ 99.5%, Tongji University Chemicals) was of chromatographic standard grade. All other chemicals were of analytical grade. All solutions were prepared with water purified by Milli-QII (18.2 M, Millipore, USA).
Preparation of the samples
We used two substrates in the experiment. One was a gold-disk electrode for the cyclic voltammogram and a.c impedance measurements; the other was a gold film on a glass slide for infrared measurements. The gold electrode was constructed from gold wire (diameter 1.0 mm, 99.99%) sealed in soft glass and carefully polished with 1.0, 0.3, 0.05 µm alumina slurry, respectively. It was first sonicated in water and ethanol and then cleaned with water. Prior to the experiment, the electrode potential was scanned over the range of 1.5 to -0.3 V in a freshly prepared deoxygenated 0.5 M H 2 SO 4 solution until the voltammogram characteristic of the clean polycrystalline gold electrode was established.
The gold film on a glass slide for ATR-FTIR was prepared by physically evaporating gold onto a chromiumcoated 1×3 cm glass slide using a diffusion-pump vacuum system at a base pressure of 3×10 -7 Torr. The nominal thickness of the gold film was about 2000 Å. Prior to use, the gold substrate was chemically cleaned with a 50/50 solution of 30% H 2 O 2 /concentrated H 2 SO 4 for a few seconds, and then copiously rinsed with water.
Formation of the bilayers
The freshly prepared substrate was put into a 2 mM ethanol solution of HDM for 24 h. It was rinsed thoroughly with ethanol, then dried under the stream of nitrogen to obtain a hydrophobic surface. A solution containing 5 mg/ml of the phospholipid in decane / ethanol (2:1) was placed onto the dry hydrophobic surface of the self-assembled HDM for at least 2 min. After a short incubation time the surface was put into a refrigerator at -20˚C for about 15 -20 min to freeze out the solvents; 18 it was then inserted into an electrochemical cell filled with a 0.1 M KCl solution for about 10 min to form a lipid bilayer.
Measurements
Cyclic voltammetry
Cyclic voltammetry was carried out by a computercontrolled Model CS-1087 electroanalysis system (Cypress Systems, Inc., USA). A platinum slide was used as the counter electrode and an Ag/AgCl electrode as the reference electrode. A gold electrode with coated membranes served as the working electrode. All potentials were reported with respect to the reference electrode.
Impedance measurement
An impedance measurement was made with a PAR 273 potentiostant and an EG&G 5210 frequency response analyzer. A sinusoidal a.c signal was applied at a frequency of between 0.1 to 65000 Hz. A nonlinear least-square analysis was used to fit the impedance amplitude as a function of the frequency. Measurements were made in 1 mM K 3 [Fe(CN)] 6 with a 5 mV a.c amplitude and 0.224 V vs. Ag/AgCl.
ATR-FTIR measurement
The infrared spectra were obtained on a Bio-Rad FIS-7 Fourier-transform infrared spectrometer equipped with an ATR-IR accessory. The infrared beam was polarized with a polarized gold-wire grid (PerkinElmer, Beaconfield, UK) and allowed to enter the germanium plate normal to the 45˚ beveled edge. Under these conditions the infrared beam traveled along the plate by undergoing about 8 total internal reflections before it existed in the plate, and was directed to a iquid MCT detector. In the typical protocol, parallel and perpendicular polarized attenuated total reflection infrared spectra in the range 400 -4400 cm -1 were measured on a bare germanium plate, and then on a supported bilayer. All of the data were collected with a resolution of 4 cm -1 with a data collection time of about 12 min (1024 scans). The corresponding spectra, with and without a bilayer, were rationed and converted to the absorbance at each polarization. The dichroic ratios were calculated for the bands of interest by dividing the absorbance at the respective peak maxima (R ATR =A | /A ⊥ ). The measured R ATR values were used to evaluate the order parameters of the lipids. Figure 1 shows a cyclic voltammogram of a bare Au electrode and a Au electrode coated with HDM in a 0.5 M H 2 SO 4 solution. The shape of the curve (trace a) with its well-pronounced oxide removal peak is typical for polycrystalline electrodes. 19 A curve obtained under the same conditions from a gold electrode covered with HDM (traces b) is clearly different. It shows a pronounced hysteresis and drastically reduced oxide removal peak. In many cases, the weak peak is not longer detectable. The pinhole fraction of the surface could be roughly estimated to be approximately 0.004 through the ratio of the oxide removal peak area of the HDM/Au electrode to that of the bare Au electrode. 6 reduces by less than 30% when the active electrode surface area is reduced to as little as 0.0055. This implies that the pinhole fraction of the HDM/Au in our work would much smaller. Thus, the thin alkanethiol monolayer can be regarded as being a compact, well-ordered monolayer with an extremely small number of pinholes. Furthermore, it provides a very stable hydrophobic substrate for the formation of alkanethiol / lipid bilayers. The thermodynamic driving force for the formation of the bilayer is an increase in entropy that is achieved when the water is excluded from the hydrophobic chains of the alkanethiol and the hydrophobic acyl chains of the phospholipid. In the absence of a hydrophobic surface, most phospholipid molecules form lipid vesicles or limposomes spontaneously when dispersed in water. After a lipid monolayer was deposited on the surface of self-assembled membranes (SAMs) of the HDM modified gold electrode, the current obviously decreased. This paint-freeze lipid membrane had a stronger screening effect for inorganic ions than that of the HDM monolayer, as reflected in the current decrease from curve a to curve b in Fig. 3 . Figure 4 shows the impedance spectra of the HDM monolayer and the bilayer of an adsorbed PC-monolayer onto HDM in a solution of K3[Fe(CN)]6. A single semicircle in the high frequency domain was present in different types of organic films, indicating that the process is controlled only by electron transfer, itself, with no ion diffusion. It also implied that the surface is packed very well, thus preventing ions from accessing the surface of the gold electrode; otherwise, defects in the organic films would provide locations where ions could approach the electrode surface; the process would consist of a diffusion process. The impedance spectra may be fitted by the simple equivalent circuit shown in Fig. 5 . The capacitance and resistive behavior of the membrane is represented by C m and R m . R e is the resistance of the electrolyte solution. The capacitance of the diffuse double layer (Gouly-Chapmanlayer) was neglected because of its high value (30 -40 µF/cm
Results and Discussion
2 ) compared to the low capacitance of the adsorbed membranes (0.8 µF/cm 2 ). The capacitance of the monolayer, the second phospholipid and the whole bilayer can be calculated as described by Gallar. 21 In this work, the specific capacitance of this paint-freeze lipid/ HDM bilayer is 0.68 µF/cm 2 higher than that of the painted lipid membrane (0.46 µF/cm 2 ) discussed in the literature 22 , resulting from changes in the membrane structure, due to the exclusion of an organic solvent from the membrane at low temperature.
The spectra regions that include the lipid CH 2 stretching vibrations in the two different polarizations are presented in Fig. 6 for the supported bilayer lipid mem-119 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 brane. The peaks at 2923 and 2853 cm -1 represent the asymmetric and symmetric lipid methylene stretch vibrations, respectively. 23 The linear dichroic ratio (R ATR ) derived from the CH 2 stretching vibrations of the lipid acyl chains is 1.09, very close to a unity. It is well known 22 that such a ratio is characteristic of hydrocarbon chains, which, on the average, make a relatively small angle of <20˚ with the surface normal. The random orientation leads to a dichroic ratio significantly less than 1.0. 24 The lipid-order parameter could be calculated from the dichroic ratio using the following relation:
where B=E x 2 -R ATR E y 2 +E z 2 , and E x , E y and E z are the components of the electric field of the evanescent wave at the germanium interface. They are functions of the angle of incidence of the IR beam at the germanium interface. Using thin film approximation 26 , E x 2 , E y 2 , and E z 2 become 1.9691, 2.2486 and 1.8917, respectively. Since the dispersion between 1600 and 3000 cm -1 is rather small, the same optical constants (E x 2 , E y 2 , and E z 2 ; 1.8917) were used to calculate the lipid order parameters. 25 Thus, the lipid order parameter was 0.67, which is close to that previously observed, and was consistent with a well-ordered lipid film in which the methylene groups have segmental flexibility, and are disordered to a degree, which is typical for a lipid bilayer in the liquid-crystalline phase. 25 The paint-freeze method used to prepare the supported alkanethiol/phospholipid bilayer is based on the idea of White, that the organic solvent can be frozen out of the membrane at a low temperature, resulting in an increase of the specific capacitance and a decrease in the thickness of the membrane. Thus, the fluidity of the membrane decreased and the stability of the membrane increased. This method was easier to manipulate than the usual painted method. It required only putting a substrate coated with a lipid solution in a refrigerator at about -5 to -20˚C for 5 min. Since the membrane contained no organic solvent, the reproducibility of the membrane was better than that of the painted membrane. The solvent-free membranes had a very long lifetime and higher mechanical stability. Electroactive substances can be incorporated and proteins can be reconstituted into the membrane. This model membrane could provide a very useful tool for scientific research in biophysics, physiology and electrochemistry.
